Few studies to date have examined genetic variability of widespread tropical amphibian species over their distributional range using diVerent kinds of molecular markers. Here, we use genetic data in an attempt to delimit evolutionary entities within two groups of Neotropical frogs, the Scinax ruber species group and the Rhinella margaritifera species group. We combined mitochondrial and nuclear markers for a phylogenetic (a total of »2500 bp) and phylogeographic study (»1300 bp) to test the reliability of the currently accepted taxonomic assignments and to explore the geographic structure of their genetic variation, mainly based upon samples from the French Guianan region. Phylogenetic analyses demonstrated the polyphyly of Scinax ruber and Rhinella margaritifera. S. ruber consists of six lineages that may all merit species status. ConXicting signals of mitochondrial and nuclear markers indicated, among some Scinax lineages and species, the possibility of ongoing hybridization processes. R. margaritifera consisted of 11 lineages which might represent distinct species as well. Phylogeographic analyses added further information in support of the speciWc status of these lineages. Lineages of low divergence were found in sympatry and were reciprocally monophyletic for mitochondrial as well as nuclear genes, indicating the existence of young lineages that should be awarded species status. Our results highlight the utility of combining phylogenetic and phylogeographic methods, as well as the use of both mitochondrial and nuclear markers within one study. This approach helped to better understand the evolutionary history of taxonomically complex groups of species. The assessment of the geographic distribution of genetic diversity in tropical amphibian communities can lead to conclusions that diVer strongly from prior analyses based on the occurrence of currently recognized species alone. Such studies, therefore, hold the potential to contribute to a more objective assessment of amphibian conservation priorities in tropical areas.
Introduction
The Neotropics are the region of highest species richness in the world (Gaston and Williams, 1996; Myers et al., 2000; Wilson, 1992) . Amphibians are one group in which this high species diversity is obvious, with 2750 described species in Central and South America representing 48% of the world's total . The increasing utilization of molecular data has reinforced the conclusion that morphological evolution in amphibians is often cryptic (e.g. Chek et al., 2001; Cherry et al., 1977; Hass et al., 1995; Maxson, 1984; Richards and Moore, 1996; Stuart et al., 2006) and has led to a revitalization of amphibian taxonomy. Many groups of amphibians are morphologically conserved and depauperate in obvious external characters. This and a high degree of convergence led to numerous misinterpretations of anuran phylogeny which were based on morphological traits alone (e.g. Bossuyt and Milinkovitch, 2000; Chiari et al., 2004; Vences et al., 2003) . Therefore, and despite important recent advances, amphibian systematics have remained poorly resolved (e.g. Darst and Cannatella, 2004; Faivovich et al., 2005; Frost et al., 2006; Grant et al., 2006; Graybeal, 1997; Ruvinsky and Maxson, 1996; Vences et al., 2003) , and amphibian diversity seems to be still largely underestimated in terms of the number of species, and genera as well as families (e.g. Biju and Bossuyt, 2003; Borkin et al., 2004; Bossuyt et al., 2004; De la Riva et al., 2000; Meegaskumbura et al., 2002) . Numerous species have recently been described (Duellman, 1999; Glaw and Köhler, 1998; Köhler et al., 2005) and many widely distributed species of frogs are suspected to contain several new species (for the Neotropical region: Chek et al., 2001; De la Riva et al., 2000; Grant et al., 2006; Lescure and Marty, 2000; Lougheed et al., 1999; Vences et al., 2003) .
When populations of a taxon are readily sampled and distributions are well known it is possible to study its phylogeographic patterns (Avise, 2000) . However, this is rarely the case for the vast majority of amphibians that occur in the tropics. Molecular information for single individuals or single populations of amphibians are therefore of limited value in determining species status. Moreover, population genetic studies of anurans typically discovered very high genetic diversities compared to other vertebrate groups (e.g. Vences et al., 2005a,b) . Although high intraspeciWc genetic divergences certainly occur in many amphibians, the high incidence of such patterns is probably also indicative of taxonomic practice, i.e., the failure to discover cryptic species (Chek et al., 2003; Crawford, 2003; Lougheed et al., 1999) . Because most frogs are expected to be of low vagility and highly philopatric (Blaustein et al., 1994; Duellman, 1982) , geographical structure and endemism would be expected to be high. However, so little is known of the diversiWcation and age of lineages in Neotropical frog taxa that current spatial proximity between populations might also be the result of a long history of expansions and contractions of ranges. Geographic and genetic fragmentation is so common in tropical amphibians that Wynn and Heyer (2001) have questioned whether widespread species of tropical amphibians exist at all. Considering the eVects of global amphibian declines (Hanken, 1999; Houlahan et al., 2000; Stuart et al., 2004) , numerous, still undescribed species are probably vanishing at alarming rates in the Neotropics.
The northeastern part of South America as delimited biogeographically by Hoogmoed (1979) is called the Guianan region. The endemism of frogs in this region is currently considered to be signiWcant, but low compared to the Andes and the Brazilian Atlantic forest (Duellman, 1999) because many frog species are believed to have large ranges in Amazonia as well as the Guianas. Main factors that are thought to have shaped genetic diversity in South America include geological and climatological historical events and changes in the distribution of forested areas (Frailey et al., 1989; HaVer, 1969 HaVer, , 1990 HaVer, , 1997 Nores, 1999; Räsänen et al., 1991 Räsänen et al., , 1990 . On a broad scale, French Guiana might be on a borderline segregating east and west assemblages of plants (De Granville, 1982) , Wshes (Boujard et al., 1997; Jegu and Keith, 1999) and frogs (Lescure and Marty, 2000) . On a smaller geographic scale, the central region near Saül, the northeastern area near Cayenne and the northwest region might have played a role as refugium for forest specialists during past climatic oscillations (Charles-Dominique et al., 1998; De Granville, 1988 Duellman, 1982; Dutech et al., 2003; Ledru et al., 1997) . However, genetic studies on tropical trees (Caron et al., 2000; Dutech et al., 2004 Dutech et al., , 2000 Dutech et al., , 2003 and rodents (Steiner and CatzeXis, 2003; Van Vuuren et al., 2004) provided preliminary information on the genetic geographical structure of species within French Guiana that Wt only partially with this refugia hypothesis.
The available evidence of usually strong phylogeographic structure in amphibians supports their use as model group to understand patterns of local diVerentiation and endemism. We tested the hypothesis of high cryptic genetic and species diversity in French Guiana by studying two widely distributed and abundant groups of frog species, the Scinax ruber group and the Rhinella margaritifera group: the genus Scinax is distributed from southern Mexico to eastern Argentina and contains 86 described species of treefrogs (Frost, 2004) . Eight previously described species are currently considered to inhabit French Guiana (Table 1 Supplementary material). S. ruber, S. cruentommus, and S. x-signatus are widely distributed species throughout the Guianas and Amazonia and are suspected to be of unresolved species status throughout their range (De la Riva et al., 2000; Duellman and Wiens, 1993; Frost, 2004; Lescure and Marty, 2000) . Scinax ruber and S. boesemani inhabit open areas whereas S. cruentommus, S. sp. 1 and S. x-signatus inhabit the rainforest. The Rhinella margaritifera group is distributed throughout Amazonia and the Guianas and comprises 14 described species of toads (Frost, 2004 ) that all inhabit the rainforest Xoor. Morphological analyses of specimens from all over South America indicated that this complex may contain many undescribed species, most having small, allopatric distributional ranges (Hoogmoed, 1990) . De la Riva et al. (2000) citing Hoogmoed (1990) and Hass et al. (1995) , suggests that four species could exist in Bolivia alone, while Vélez-Rodríguez (2004) hypothesizes that no less than 15 species occur in Colombia. Hass et al. (1995) and recently Pramuk (2006) revealed the existence of a multitude of genetic lineages in this group. Hass et al. (1995) used quantitative immunological techniques and conWrmed the presence of two diVerent species in French Guiana: one with pronounced cranial crests (R. margaritifera sensu stricto), and a second one without crests (Bufo typhonius group sp.1 in Lescure and Marty (2000) ). Hoogmoed (1990) further suggested that a third species, of smaller size and with a sharper nose and diVerent call inhabits French Guiana (Lescure and Marty, 2000) . More recently, Haas (2004) suggested the occurrence, in the northern part of French Guiana, of three sympatric species of the group, without providing evidence, however.
Here, we apply an integrative phylogenetic and phylogeographic approach using mitochondrial (16S and 12S rDNA) and nuclear data (18S rDNA and tyrosinase) to test whether or not the current species delimitations are consistent with the molecular phylogenetic history. The comparison of the patterns given by these diVerent sets of molecular markers can be meaningful for species delineation and to infer information about their evolutionary history and their relationships. Noonan and Gaucher, 2005) were obtained from diVerent localities of French Guiana (Fig. 1) . Sequences of 14 of the hylid samples have already been published in Salducci et al. (2002 Salducci et al. ( , 2005 IdentiWcations of specimens were mainly based on the only available comprehensive reference on anurans of French Guiana (Lescure and Marty, 2000) . However, the taxonomy used by these authors may in some aspects be conXicting with the classiWcation used in other parts of the Neotropics. For example, Scinax x-signatus is described by many authors (e.g. Bourne and York, 2001; Gorzula and Señaris, 1998; Hoogmoed, 1979) as an inhabitant of open areas that has been often and is still confounded with S. ruber (Gorzula and Señaris, 1998) . In contrast, in French Guiana, Scinax x-signatus is considered to be an explosive breeder restricted to forests. Moreover, Gorzula and Señ-aris (1998) provide a drawing of this species that does not seem to correspond to the species in French Guiana. Similar doubts exist for the validity of Scinax cruentommus for French Guianan populations. We also use the name Scinax sp. 1 from Lescure and Marty (2000) for a Scinax species that remains to be identiWed or described. However, these taxonomic uncertainties do not invalidate any of the conclusions from the work presented here.
Materials and methods

Biological samples
Based on our personal observations in the Weld, we used the term "syntopic" for lineages breeding exactly in the same spot or only few meters away from each other, "sympatric" for lineages occurring in at least one shared locality but which have not been observed in the exact same place and "allopatric" for lineages that do not share any locality.
DNA protocols
Total DNA was extracted with standard phenol-chloroform methods. Two mitochondrial (mt) and two nuclear (nu) DNA fragments were ampliWed by standard PCR techniques. Primers used for ampliWcation were those described by Salducci et al. (2005) for 16S and 12S, by Bossuyt and Milinkovitch (2000) for tyrosinase, and by Miquelis et al. (2000) for 18S rDNA. The chosen molecular markers previously have been used successfully to assess the relationships among orders, families and species of amphibians (Hay et al., 1995; Ruvinsky and Maxson, 1996; Vences et al., 2000) . For nuclear markers it is of foremost importance to ascertain that orthologous and not paralogous genes are analysed. According to Hoegg et al. (2004) only one copy of the tyrosinase gene exists in tetrapods, and we are therefore conWdent that our analysis is based on orthologous gene fragments for all samples. PCR was performed as described in Salducci et al. (2005) . Furthermore, 66 sequences of 570 bp of the mitochondrial cytochrome b gene were obtained for a subset of Scinax species to obtain higher support for a conXicting phylogenetic analysis see below; primers used were: MVZ15-L; MVZ18-H, MVZ25-L (Moritz et al., 1992) . Sequences were resolved on automated DNA sequencers (ABI 3700).
Molecular analysis
Preliminary alignment of the sequences was performed with Clustal X (Thompson et al., 1997) with an opening gap cost equal to 6. Each alignment was compared with available secondary structures (12S and 16S) (Van de Peer et al., 1998) as described in Salducci et al. (2002) , or with the reading frame (tyrosinase). The analyses were performed on 368 (Scinax)-387 (Rhinella) aligned bp of the 12S rDNA gene, 413-411 bp of the 16S rDNA gene, 388-539 bp of the tyrosinase gene and 1299-1325 bp of the 18S rDNA gene. We used Gblocks 0.91b (Castresana, 2000) to eliminate poorly aligned positions of the mitochondrial sequences of ambiguous homology for phylogenetic analysis (45 bp for Scinax and 34 bp for Rhinella). All sequences obtained in this study have been deposited in GenBank (Appendix 1 Supplementary material; EF217430-EF372235).
Phylogenetic analyses
To test if analyses of combined DNA sequences of diVerent genes can be conducted, the partition homogeneity test (PHT) (Farris et al., 1994) was used to compare the two mitochondrial genes (12S and 16S) and the two nuclear genes (tyrosinase and 18S), and to compare nuclear with mitochondrial genes.
Saturation plots were constructed in order to determine whether particular positions or classes of substitutions needed to be weighted or excluded prior to phylogenetic analyses (Grant and Kluge, 2003) . We visualized the saturation by plotting the distance in transitions and transversions versus the total distance.
Bayesian phylogenetic analysis was performed with MrBayes 3.1 (Ronquist and Huelsenbeck, 2003) . maximum likelihood (ML) trees were calculated using PAUP*, version 4.0b10 (SwoVord, 2002) . The distance matrix were computed with MEGA 2.1 (Kumar et al., 2001 ). We used the software Modeltest version 3.6 (Posada and Crandall, 1998) to choose the substitution model that best Wts our data using the AIC criterion. These models were subsequently used for Bayesian and ML analyses. Each Bayesian analyses consisted of 2.0 £ 10 7 generations with a random starting tree and four Markov chains (one cold) sampled every 1000 generations. Adequate burn-in was determined by examining a plot of the likelihood scores of the heated chain for convergence on stationarity.
ConWdence in the phylogenetic grouping for ML was assessed by the bootstrap method (Efron, 1979; Felsenstein, 1985) with 1000 pseudoreplicates with the heuristic search option, tree bisection reconnection branch swapping (TBR) and 10 random taxon addition replicates. Trees were rooted on D. leucophyllatus, D. nanus, and S. lacteus for Scinax and on D. minutus, A. Xavescens and A. barbotini for Rhinella.
The partition homogeneity test did not reject the null hypothesis of congruence between mitochondrial 12S and 16S fragments (Scinax P D 0.239; Rhinella P D 0.516) nor between nuclear tyrosinase and 18S fragments (Scinax P D 0.68; Rhinella P D 1) indicating the possibility for their combined analysis. The test did reject the null hypothesis of congruence of the included mitochondrial vs. nuclear fragments for Scinax (P D 0.028), but not in Rhinella (P D 1).
Consequently, we used the following data partitions:
1. 12S + 16S for phylogeny using all the haplotypes without ambiguously aligned positions and for phylogeography using all the individuals and all the positions. 2. Tyrosinase and 18S for phylogeny using only one representative for each clade previously identiWed in the mitochondrial trees, and because we obtained only a few 18S sequences for each clade. 3. Tyrosinase for phylogeography using all the individuals.
Phylogeography
Minimum spanning networks were calculated using TCS 1.21 (Clement et al., 2000) , with a 95% connection limit, separately on the mitochondrial genes and on the nuclear gene (tyrosinase). Our sampling being heterogeneous and scarce particularly for some remote populations, we considered it to be too premature to infer signiWcance of the phylogeographical patterns observed by statistical tests such as Nested Clade Analyses. Because some haplotypes and haplogroups were not connected to each other with the 95% limit of probability of parsimony as used by TCS, we attempted to connect these haplotypes by decreasing the connection probability up to a minimum of 90%.
Results
Phylogenetic analyses
One hundred and six 16S rDNA and 106 12S rDNA, 100 tyrosinase and 17 18S sequences were available for the analysis of Scinax (including outgroups). Sixty-Wve 16S rDNA and 65 12S rDNA, 55 tyrosinase and nine 18S sequences were available for the Rhinella margaritifera group (including outgroups). Of all the samples, only Wve samples of Scinax ruber, two of S. cruentommus, three of R. margaritifera and C. granulosus have not been sequenced for the tyrosinase fragment.
Phylogenetic analysis of Scinax
Hierarchical likelihood tests implemented in Modeltest (Posada and Crandall, 1998 ) selected a GTR + I + G substitution model as best Wtting the combined mitochondrial data with base frequencies (A D 0.3439; C D 0.2277; G D 0.1858) and substitution matrix (5.1976; 14.8577; 8.7883; 1.3455; 42.3624; 1) estimated from the data, a proportion of invariable sites of P invariant D 0.2511 and a gamma distribution shape parameter of D 0.5217. For the combined nuclear data a HKY + I + G substitution model was determined to be the best model with base frequencies (A D 0.2291; C D 0.2499; G D 0.2852), a Tratio D 2.1720 estimated from the data, a proportion of invariable sites of P invariant D 0.7466 and a gamma distribution shape parameter D 0.9939. Relationships among lineages of the Scinax ruber species group were poorly resolved with the mitochondrial data. However, all species previously identiWed correspond to homophyletic lineages except for S. ruber. Indeed, six lineages appeared within this species (Fig. 2a) : four in French Guiana, one formed by the haplotype from Ecuador and one by the haplotype from Peru. The haplotype from Guyana clustered with one from French Guiana (S. ruber C).
The taxon Scinax ruber C nested within the S. ruber A clade in the tree obtained by Bayesian analyses, although support from posterior probability was low, position of this group was unsupported with ML and displayed a long branch. To solve this uncertainty, we performed an additional analysis adding 570 bp of the cytochrome b to a mitochondrial dataset comprising Scinax ruber A, B, C, S. x-signatus and S. nasicus, and rooted with S. cruentommus (a partition homogeneity test of cytochrome b vs. 12S + 16S resulted in P D 1). The best model Wtting the combined data following the AIC criterion was TVM + G (base composition (A D 0.226; C D 0.233; G D 0.219); substitution matrix (0.614; 8.512; 2.246; 0.205; 8.512 ); gamma distribution shape parameter D 0.1796). This combined analysis unambiguously supported the separate position of S. ruber C under all methods of tree reconstruction used (Fig. 2b) .
One individual identiWed as Scinax x-signatus had a haplotype belonging to the lineage of S. ruber C (not marked in Fig. 2 but see below) . Scinax ruber E was strongly divergent from the other lineages of S. ruber (p-distances 0.136-0.143) and grouped without ambiguity with S. fuscovarius. Scinax ruber A emerges as sister taxon of S. x-signatus with high support (96/78) (Fig. 2b) , and with a low genetic distance (pairwise distance between S. ruber A and S. x-signatus D 0.006; see Table 2a Supplementary material). Based on these results, Scinax ruber is determined to be a paraphyletic taxon. Furthermore, two distinct lineages can also be distinguished within S. boesemani (Fig. 2a) .
Based on nuclear data, Scinax x-signatus is unambiguously placed outside the S. ruber A + B clade. Hence, the relative positions of S. ruber A, B, C and S. x-signatus are incongruent between the nuclear and mitochondrial topologies ( Fig. 2a-c) . A Shimodaira-Hasegawa (Shimodaira and Hasegawa, 1999) test clearly showed signiWcant diVerences between the likelihoods of these topologies (for the nuclear dataset p D 0.02 and for the mt dataset p D 0.003).
Phylogenetic analysis of Rhinella
Modeltest selected a GTR + I + G substitution model as best Wtting the combined mitochondrial data with base frequencies (A D 0.3208; C D 0.2219; G D 0.1859) and substitution matrix (8.4255; 34.9686; 26.6056; 0; 121.2654) estimated from the data, a proportion of invariable sites of P invariant D 0.2919 and a gamma distribution shape parameter of 0.4109. For the combined nuclear data a TrN + I substitution model best Wtted the data, with base frequencies (A D 0.2368; C D 0.2528; G D 0.2745) and substitution matrix (1; 2.6127; 1; 1; 5.2347) estimated from the data and a proportion of invariables sites of P invariant D 0.8306.
The Rhinella margaritifera species group + "Bufo" ocellatus form a monophyletic group ("B. ocellatus" is supported as the sister taxon of the R. margaritifera species group according to Pramuk (2006) ) of 14 divergent lineages (Fig. 3a) . The most basal lineage, Rhinella margaritifera E, corresponds to "Bufo typhonius" sp. 1, and R. margaritifera A corresponds to B. margaritifer of Lescure and Marty (2000) . Rhinella margaritifera is paraphyletic due to the relative positions of R. dapsilis, R. castaneotica, "Bufo" ocellatus and the diVerent lineages of R. margaritifera. Rhinella margaritifera D has been identi- Wed by two of us (CM and MB) as "Bufo typhonius" sp. 1 because the individuals lack cranial crests. Except the fact that Rhinella margaritifera A, B, and C could not be distinguished based on nuclear markers there was no incongruence between the nuclear and mitochondrial data (Fig. 3b) .
Phylogeography
The TCS analysis of the mitochondrial data from the Scinax ruber species group produced six unconnected haplotype networks (Fig. 4 , see also Fig. 1 Supplementary material). For the lineages Scinax ruber A, S. ruber B and S. x-signatus we performed an independent network reconstruction to estimate which haplotypes are ancestral. Locations of the haplotypes and their connections have been reported on the maps when a geographic structure of genetic variation was obvious, whereas only the distribution of the general lineages is plotted on the maps when no obvious structure could be observed. With nDNA there were three unconnected haplotype networks for the Scinax ruber species group (Fig. 5) . The same analysis of mitochondrial data from the Rhinella margaritifera group produced three unconnected haplotype networks (Fig. 6 ) and one with nDNA (Fig. 7) . Ambiguous sites of the tyrosinase fragment due to heterozygosity, had to be coded as N, which explains the multiple connections seen in the nuclear networks. Pairwise distances in the mitochondrial rRNA genes between haplotypes of the various major lineages from French Guiana (not considering introgressions) were 1.3-14.3% in Scinax ruber, and 1-5.1% in the Rhinella margaritifera group ( (Fig. 4) . The S. ruber haplotype from Peru appears to belong to a taxon closer to S. ruber B and S. ruber A plus S. x-signatus (Fig. 4) . It connected (with a 94% connection limit) with S. ruber A by at least 13 mutational steps and by at least 14 mutational steps with both S. ruber B and S. x-signatus. S. ruber C connected with S. ruber A (with a 90% connection limit) by at least 22 steps. The haplotype from Guyana connected with S. ruber C by at least six mutational steps. S. boesemani is divided into two clades separated by ten mutational steps. Geographic structure of mitochondrial haplotypes was found among diVerent sister lineages: Scinax ruber A appeared to be mainly distributed in the north-east of French Guiana, S. ruber B and S. ruber E in the central north near the coast. Scinax boesemani G was restricted to the west while S. boesemani F was more widespread over the north part of French Guiana (Fig. 4) .
Within-group variation is geographically structured for Scinax ruber A (Fig. 4) to the east and along Oyapock River and also for S. boesemani F. Scinax ruber C has only been found along major rivers. S. x-signatus, S. ruber B, and S. ruber E are weakly structured (Fig. 4) and there is no clear pattern for S. sp. 1 and S. cruentommus (not shown).
Nuclear DNA.
The clades here deWned as Scinax ruber A and B share two haplotypes in the nuclear data set and therefore cannot be clustered separately. Similarly, the two individuals constituting S. boesemani G are not clearly segregated from S. boesemani F even if they have two unique haplotypes. The S. x-signatus individual which, by mitochondrial data, is nested within S. ruber C was aYliated to S. x-signatus in the tyrosinase network (Fig. 5 ). This network clearly shows a position of S. x-signatus outside the clade S. ruber A + B.
Phylogeography of Rhinella lineages 3.2.2.1.
MtDNA. The Wve clades in the Rhinella margaritifera species group occuring in French Guiana, as identiWed in the phylogenetic analyses, were also retrieved in the haplotype networks. Rhinella margaritifera A comprises ten haplotypes (Fig. 6) . Rhinella margaritifera B comprises two individuals separated from RMA by seven mutational steps. Rhinella margaritifera C is composed by one haplotype and by two Rhinella margaritifera A
Rhinella margaritifera D
Rhinella margaritifera C
Rhinella margaritifera B
individuals originating from the extreme south of French Guiana (connection to R. margaritifera A9 by 15 steps with 92% connection limit). Geographically, Rhinella margaritifera A haplotypes show a pattern in which the central, putatively ancestral haplotype (A1) is distributed along the northern strip of French Guiana (Fig. 6) . In Rhinella margaritifera E, the pattern is less clear but the central, putatively ancestral haplotype (E1) seems to be more widely distributed, at least from central to northern French Guiana. However, a clear structure is shown by populations along the Oyapock River.
Nuclear DNA.
Rhinella margaritifera B shares two diVerent nuclear haplotypes with R. margaritifera A (Fig. 7) . These two nuclear haplotypes correspond to individuals with mt haplotypes of R. margaritifera A but sampled in the vicinity of R. margaritifera B (near Kaw mountain). Rhinella margaritifera C shares the nuclear haplotypes with R. margaritifera A, which is its central haplotype. However, one site that is likely heterozygous (C and G) in the tyrosinase sequences of the two individuals constituting R. margaritifera C reveals that one allele is only shared by these two individuals.
Discussion
New lineages and new species
A precise and correct delimitation of species is essential as species are basic units of analysis in biogeography, ecology, macroevolution, biodiversity assessment and conservation. Over-or under-resolving species boundaries can lead to wrong interpretations Marshall, 2003, 2004) .
The straightforward use of the phylogenetic species concept can lead to view species not as real evolutionary entities (Goldstein et al., 2005 (Goldstein et al., , 2000 . As advocated by Frost and Hillis (1990) , for amphibians and reptiles, it would be more appropriate to consider amphibian species as monophyletic group of populations that are likely to be on independent phylogenetic trajectories under an evolutionary species concept (Wiley, 1978) . In this way, one crucial point in delimiting cryptic species is to distinguish between broad admixture on one hand, and narrow contact zone or restricted hybridization on the other hand (Wake and Jockusch, 2000) . Moreover, diagnostic nucleotide sites of mitochondrial haplotypes in a character-based approach to species delineation (Goldstein et al., 2005) could contradict information from nuclear genes as it has been often found in amphibians (e.g. GarciaParis et al., 2003; Kuchta and Tan, 2005; Monsen and Blouin, 2003; Sequeira et al., 2005; Wake and Jockusch, 2000; Zangari et al., 2006) . Thus, species borders are better understood using a combination of diVerent kinds of markers as underlined by Moritz (1994a,b) .
In the present cases, concordance between the coalescence criterion and the isolation criterion (de Queiroz, 1998) can be employed to assume that several cryptic species are present in S. ruber and R. margaritifera. Indeed, there is no observed overlap between mitochondrial and nuclear haplotype lineages identiWed despite sympatry. It is rather between diVerent species that we observed potential gene Xow or remains of ancestral polymorphism, as between S. ruber C and S. x-signatus. Nevertheless, if gene Xow exists between the diVerent identiWed lineages of Scinax and Rhinella, it appears to be limited. Moreover, the basal position of the mitochondrial haplotype of Scinax ruber from Ecuador and the haplotypes of Rhinella margaritifera from Brazil, Ecuador and Peru provide evidence that these lineages may be representatives of diVerent species as compared to the ones present in French Guiana.
Rhinella margaritifera D probably corresponds to a species whose existence has already been suggested by Hoogmoed (1990) even if we did not notice any immediate diagnostic characters in morphology or bioacoustics to distinguish it from R. margaritifera E. We note that the morphology of R. margaritifera D is close to R. margaritifera E with respect to body size and absence of cranial crests, whereas it unambiguously is sister to a clade containing R. margaritifera A, B, and C based on molecular data. Thus, the presence of cranial crests in R. margaritifera A, B, and C is probably a synapomorphy of these three lineages.
Ambiguity remains whether Scinax ruber A and B should be considered diVerent species, and the same applies to R. margaritifera A, B, and C. 
Rhinella margaritifera A, B & C
Rhinella margaritifera D R. margaritifera A and C) which corresponds to diVerent geographical ranges (Fig. 6) . However, tyrosinase, the nuclear marker, showed no clear divergences (Fig. 7) . The size of the fragment and the slower rate of evolution of the tyrosinase gene and slower stochastic lineage sorting are the main reasons for the lack of resolution of this nuclear marker compared with mitochondrial data. Given that these lineages present basically similar morphologies (based on external character identiWcation), it seems obvious that they share ancestral polymorphism and retain some features of their ancestor's morphology (Jarman and Elliott, 2000) . However, the position of S. x-signatus, for which the speciWc status is clear based on ecology and morphology, as sister taxon of S. ruber A (in mtDNA) without overlap in nuclear DNA lineages despite sympatry illustrates that even low genetic distances of mtDNA between groups may separate diVerent species. The same applies for R. dapsilis which is the sister taxon of R. margaritifera A + B. We should also add that standard haplotypic diversity within species for which there is no ambiguity on their status in French Guiana such as S. cruentommus or R. margaritifera E "typhonius" is not higher than those for each cluster of S. ruber A, and B, and R. margaritifera A. The similar degree of diversity within these entities tends to indicate that they should be considered on a similar taxonomic status.
Amphibians are often characterized by high genetic diVerentiation, and intraspeciWc pairwise divergences of the mitochondrial rRNA (12S and 16S) genes have been found extending up to almost 6% (Vences et al., 2005a,b) . However, in most comparisons among conspeciWc populations values were lower, and divergences of 4-5% usually were indicative of distinct species. Pairwise divergences of around 5% distinguish several of the lineages identiWed herein. For instance Scinax ruber D from other S. ruber lineages, and Rhinella margaritifera E from other lineages in the species group. Scinax ruber E is even distinguished by divergences around 14% from all other lineages assigned to S. ruber. These divergences are therefore at a level that also in other amphibian groups has been observed to characterize distinct species. DeWning new species on the basis of their genetic distances on a single DNA fragment is strongly debated (Meyer and Paulay, 2005) as some species might arise within a very short time frame (as cichlids, e.g. Joyce et al., 2005; Salzburger and Meyer, 2004) and/or hybridize. However, over a threshold, the distances between lineages can certainly be used as a preliminary indicator to identify candidate species (Vences et al., 2005a) .
On the other hand, in our data set, several lineages that are sympatric or even syntopic and show no haplotype sharing in either nuclear or mitochondrial genes have much lower divergences, such as S. ruber A compared to S. xsignatus. This is one of the most convincing examples demonstrating how recently diverged lineages of amphibians should be considered to be species and co-occur due to ecological diVerences (occurrence in savanna vs. forest; see below), and cautions once more against the uncritical use of pairwise divergences as sole indicator of species status.
Geographical considerations
If we interpret the six steps connecting the Guyana haplotype as variation within the same species (S. ruber C, Fig. 4 ), the comparison with the Peru haplotype branching outside S. ruber A and B and connected by a minimum of 13 steps, suggests further that S. ruber C and S. ruber A + B have independent biogeographical histories over South America. Additional sampling is also necessary to investigate whether S. boesemani might contain two sister species in French Guiana.
The restricted geographical distribution of S. ruber B and S. ruber E in central-northern French Guiana could indicate that they are lineages endemic to the region. It seems unlikely that they belong to described species of the S. ruber species group, which, so far, have remained undetected in French Guiana. The S. ruber E lineage has a small range near the towns Cayenne and Kourou, which could be seen as an indication of human introduction. However, the haplotype diversity observed in this lineage suggests a substantially long evolutionary history within French Guiana.
The comparison of the patterns among phylogroups in S. ruber and R. margaritifera reveals a rough similarity (Fig. 1) , and the genetic distances between the respective lineages are identical (7 mutational steps, d D » 1%). The mitochondrial network pattern shown by R. margaritifera A is geographically suYciently clear to suggest an evolutionary scenario. This lineage could have expanded from an ancestral range isolated in the northern part of French Guiana. This could be due to a forest refuge isolated by savannas (De Granville, 1982; HaVer, 1997) or by rising sea level (Nores, 1999) during the Quaternary. The location, in the north-east of French Guiana, of an undisturbed area that could have acted as a refugium for forest species has been suggested by De Granville (1982) . Dutech et al. (2004) found some support for this hypothesis in the genetic structure of the tree Vouacapoua americana.
This hypothesis implies survival of many populations of R. margaritifera A around the northern part of French Guiana despite perturbations during the Holocene. Scattered distributions of refugial zones could increase structure by genetic drift without erasing the initial footprint generated by a Pleistocene expansion. Patterns of genetic variation are less structured in R. margaritifera E, S. ruber A, and S. boesemani F. Nevertheless, they show a pattern that could be interpreted as an expansion to the east from a central origin for R. margaritifera E and S. ruber A, and from a northwestern origin for S. boesemani F. The patterns follow particularly the Oyapock River to the southeast.
Hybridization in Scinax
Two types of discordances were discovered in the molecular data set for Scinax, patterns that could be explained by past or present hybridization events.
The discordance among the nuclear and the mitochondrial genes trees for the position of S. x-signatus probably results from a past hybridization event. We assume that the mitochondrial genome of S. x-signatus has been introgressed by an ancestor of the current S. ruber A lineage relatively recently. After the hybridization event, lineage sorting proceeded in opposite directions for mitochondrial and nuclear molecules. Specimens of S. x-signatus sampled here retained (1) the original S. x-signatus tyrosinase haplotypes, and (2) the mitochondrial molecules originally from Scinax ruber which are today slightly diVerentiated from the mt haplotypes in S. ruber A (3 steps). The high nuclear distance between S. x-signatus and the S. ruber A, B, and C lineages in the nuclear phylogeny (d D 1.6%) is in agreement with its morphological and ecological particularities (explosive forest breeder, bigger in size and diVerent in coloration). Mitochondrial alleles might be expected to introgress faster, on average, than nuclear loci if their persistence in a foreign gene pool is less constrained by linkage to selected loci than are the alleles of nuclear genes (Funk and Omland, 2003; Harrison, 1993) . Smaller Ne of mtDNA may facilitate the Wxation of an introgressed haplotype such that even low levels of introgression may be suYcient to establish a neutral mitochondrial haplotype in a foreign population (Takahata and Slatkin, 1984) . The fact that S. x-signatus mitochondrial haplotypic diversity is lower than nuclear diversity (two haplotypes on mtDNA and four haplotypes on nDNA) also supports this scenario. The ranges of S. ruber A and S. xsignatus overlap at least in northwestern French Guiana around the swamps of Kaw. Here these two species are largely sympatric and genetically are reciprocally monophyletic in mitochondrial as well as nuclear markers. About their habitat, we know that S. ruber inhabits mainly open areas whereas S. x-signatus lives mostly in rainforests. In reproductive behavior, according to data from Guyana (Bourne, 1992) and our observations, S. ruber has an opportunistic reproductive phenology whereas S. x-signatus, in French Guiana, is a rather explosively breeding species. Thus, ecological factors such as habitat and reproductive phenology may prevent current hybridization.
On the other hand, our data possibly indicate ongoing or very recent hybridization between S. x-signatus and S. ruber C. This was inferred from the specimen S. x-signatus X4 that connects respectively to S. ruber C1 in the mitochondrial dataset (Fig. 4) and to S. x-signatus in the nuclear dataset (Fig. 5) . It is particularly diYcult to distinguish between incomplete lineage sorting and introgression between sister taxa. Therefore, incomplete lineage sorting for nuclear alleles is an alternative explanation of this incongruence especially since the nuclear haplotype concerned is unique.
Hybridization and polyspeciWcity: two pitfalls for biodiversity estimation
In this study, we detected several instances of polyphyletic species that require taxonomic revision. These patterns might be caused by introgressive hybridization and current hybridization or incomplete lineage sorting.
These examples illustrate a complex evolutionary history as found in studies of other taxa (e.g. Patton and Smith, 1994; Sota and Vogler, 2001) . It is also another warning that the exclusive use of mitochondrial data could lead to wrong interpretations because of introgression and diVerential lineage sorting (Ballard and Whitlock, 2004; Meyer et al., 2006) .
On the other hand, the systematics among closely related species requires dense taxonomic and geographic sampling. For example, the two already published mitochondrial sequences of S. ruber (from Peru and Guyana; Darst and Cannatella, 2004; Faivovich et al., 2004) correspond to two diVerent lineages, one of which is present in French Guiana (S. ruber C) (Fig. 4) . These examples illustrate a complex evolutionary history probably due to multiple and successive vicariance events in South America as also observed in other taxa (e.g. Patton and Smith, 1994; Sota and Vogler, 2001) , demonstrating the importance of sampling multiple localities for related species in a combined phylogenetic/ phylogeographic approach (Funk and Omland, 2003) .
As stated by Funk and Omland (2003) , species level polyphyly and paraphyly are much more common phenomena than generally recognized and partially reXect the inadequacy of taxonomy to represent the underlying genetic structure of populations and species. Based on our data, it seems obvious that the number of actual species has so far been underestimated in Guianan anurans. These results also emphasize that cryptic morphological evolution of these groups is widespread and results in the discordance between morphological identiWcation and evolutionary histories. Anuran biodiversity is more reliably estimated by an integrative approach that includes a routine molecular inventory through DNA barcoding in concert with morphological and bioacoustic techniques (Vences et al., 2005a,b) . However, the isolated use of DNA sequences, without knowledge about the ecology, morphology and reproductive biology of the animals, will not allow one to reliably discern how often widespread "species" of amphibians are in fact amalgams of various reproductively isolated species.
Conclusion
This study suggests the existence of previously unknown lineages/taxa in French Guiana for the Scinax ruber species group and in the Rhinella margaritifera species group. The general lack of genetic admixture among lineages both regarding mitochondrial and nuclear genes, with only occasional evidence for introgression, together with the sympatric occurrence of many of the lineages identiWed, is an indication that some of the genetic lineages correspond to new species under an evolutionary species concept (Wiley, 1978) and even under a biological species concept (Mayr, 1942) . The combination of simultaneous phylogeographic analysis of mitochondrial and nuclear data as employed here provides an eYcient approach towards a better estimation of the biodiversity within widely distributed Neotropi-cal frogs. With the amphibians of the Guianas being particularly poorly known, Young et al. (2004) stated that it is clear that many more amphibian species remain to be discovered as compared to birds and mammals. Amphibian endemism of the Guianan region might be higher than previously thought and biogeographic interpretations based on species distributions and areas of endemism might need to be reassessed. Stuart et al. (2004) asserted that the global amphibian decline is particularly worrying for Neotropical species. Given that numerous species still remain undetected, it is alarming to think that the situation could be in fact even worse than thought. If additional studies indicate polyspeciWcity of many existing species, conservation eVorts would need to be reevaluated accordingly.
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